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space, instead of being an empty, passive backdrop against which quarks 
play out their eternal roles, actually becomes the central actor in the 
drama of nature. 

In discussing the fascinating history of the hyperspace theory, we will 
! he ultimate nature matter, begun by the 
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PART I 
Entering 

the Fifth Dimension 



Worlds Beyond Space 
and Time 


I want to know how God created this world. I am not interested 
in this or that phenomenon. I want to know His thoughts, the 


i 


The Educalion of a Physicist 

T WO incidents from my childhood greatly enriched my understand¬ 
ing of the world and sent me on course to become a theoretical 
physicist. 

1 remember that my parents would sometimes take me to visit the 
famous Japanese Tea Garden in San Francisco. One of my happiest 
childhood memories is of crouching next to the pond, mesmerized by 
the brilliandy colored carp swimming slowly beneath the water lilies. 

in these quiet moments, 1 felt free to let my imagination wander; 1 
would ask myself silly questions that a only child might ask, such as how 
the carp in that pond would view the world around them. I thought, 
What a strange world theirs must be I 

Living their entire lives in the shallow pond, the carp would believe 
that their “universe” consisted of the murky water and the lilies. Spend¬ 
ing most of their time foraging on the bottom of the pond, they would 
be only dimly aware that an alien world could exist above the surface. 
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blinding lights and strangely shaped objects that 1 had never seen before. 
The strangest of all was the creature who held me prisoner, who did not 
resemble a fish in the slightest. 1 was shocked to see that it had no fins 
whatsoever, but nevertheless could move without them. It struck me that 
the familiar laws of nature no longer applied in this nether world. Then, 
just as suddenly, 1 found myself thrown back into our universe.” (This 
story, of course, of ajourney beyond the universe would be so fantastic 
that most of the carp would dismiss it as utter poppycock.) 

I often think that we are like the carp swimming contentedly in that 
pond. We live out our lives in our own “pond,” confident that our uni¬ 
verse consists of only those things we can see or touch. Like the carp, 


ours, just beyond our grasp. If our scientists invent concepts like foie 
it is only because they cannot visualize the invisible vibrations that 
the empty space around us. Some scientists sneer at the mention 






theory. I still have warm memories of spending many quiet hours reading 
every book I could find about this great man and his theories. When I 
exhausted the books in our local library, 1 began to scour libraries and 
bookstores across the city, eagerly searching for more clues. I soon 
learned that this story was far more exciting than any murder mystery 
and more important than anything I could ever imagine. I decided that 
1 would try to get to the root of this mystery, even if 1 had to become a 
theoretical physicist to do it. 

I soon learned that the unfinished papers on Einstein’s desk were an 
attempt to construct what he called the unified field theory, a theory 
that could explain all the laws of nature, from the tiniest atom to the 
largest galaxy. However, being a child, I didn't understand that perhaps 
there was a link between the carp swimming in the Tea Garden and the 
unfinished papers lying on Einstein’s desk. I didn’t understand that 
higher dimensions might be the key to solving the unified field theory. 

Later, in high school,] exhausted most of the local libraries and often 
visited the Stanford University physics library. There, 1 came across the 
fact that Einstein's work made possible a new substance called antimat¬ 
ter, which would act like ordinary matter but would annihilate upon 
contact with matter in a burst of energy. 1 also read that scientists had 
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We spent Christmas vacation on the 50-yard line, winding and assem¬ 
bling the massive coils that would bend the paths of the high-energy 

When finally constructed, the 300-pound, 6-kilowatt betatron con¬ 
sumed every ounce of energy my house produced. When 1 turned it on, 
I would usually blow every fuse, and the house would suddenly became 
dark. With the house plunged periodically into darkness, my mother 
would often shake her head. (I imagined that she probably wondered 
why she couldn’t have a child who played baseball or basketball, instead 
of building these huge electrical machines in the garage.) I was gratified 
that the machine successfully produced a magnetic field 20,000 times 
more powerful than the earth’s magnetic field, which is necessary to 
accelerate a beam of electrons. 


Confronting the Fifth Dimension 

Because my family was poor, my parents were concerned that 1 wouldn’t 
be able to continue my experiments and my education. Fortunately, the 
awards that 1 won for my various science projects caught the attention 
of the atomic scientist Edward Teller. His wife generously arranged for 

























oming the nature of geometry. Now, scientists are realizing that the “use¬ 
less” concepts of space and time may be the ultimate source of beauty 
and simplicity in nature. 

The first theory of higher dimensions was called Kalvzu-KIein theory, 
after two scientists who proposed a new theory of gravity in which light 
could be explained as vibrations in the fifth dimension. When extended 
to Atdimensional space (where Alcan stand for any whole number), the 
clumsy-looking theories of subatomic particles dramatically take on a 
startling symmetry. The old Kaluza-Klein theory, however, could not 
determine the correct value of N, and there were technical problems in 
describing all the subatomic particles. A more advanced version of this 
theory, called supergravity theory, also had problems. The recent interest 
in the theory was sparked in 1984 by physicists Michael Green and John 
Schwarz, who proved the consistency of the most advanced version of 
Kaluza-Klein theory, called superstring theory, which postulates that all 
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concept, imagine a race of tiny flatworms living on the surface of a large 
apple. It’s obvious to these worms that their world, which they call Apple- 
world, is flat and two dimensional, like themselves. One worm, however, 
named Columbus, is obsessed by the notion that Appleworld is somehow 
finite and curved in something he calls the third dimension. He even 
invents two new words, up and down, to describe motion in this invisible 
third dimension. His friends, however, call him a fool for believing that 
Appleworld could be bent in some unseen dimension that no one can 
see or feel. One day, Columbus sets out on a long and arduous journey 
and disappears over the horizon. Eventually he returns to his starting 
I | point, proving that the world is actually curved in the unseen third 
dimension. His journey proves that Appleworld is curved in a higher 
unseen dimension, the third dimension. Although weary from his trav¬ 
els, Columbus discovers that there is yet another way to travel between 
distant points on the apple: By burrowing into the apple, he can carve 
a tunnel, creating a convenient shortcut to distant lands. These tunnels, 
which considerably reduce the time and discomfort of a long journey, 
he calls wormholes. They demonstrate that the shortest path between two 
points is not necessarily a straight line, as he’s heen taught, but a worm- 
hole. 

One strange effect discovered by Columbus is that when he enters 
one of these tunnels and exits at the other end, he finds himself back 
in the past Apparently, these wormholes connect parts of the 
apple where time beats at different rates. Some of the worms even 
claim that these wormholes can be molded into a workable time 
machine. 

Later, Columbus makes an even more momentous discovery—his 
Appleworld is actually not the only one in the universe, It is but one 
apple in a large apple orchard. His apple, he finds out, coexists with 
hundreds of others, some with worms like themselves, and some 
without worms. Under certain rare circumstances, he conjectures, it 
may even be possible to journey between the different apples in the 
orchard. 

We human beings are like the flatworms. Common sense tells us that 
our world, like their apple, is flat and three dimensional. No matter 
where we go with our rocket ships, the universe seems flat. However, the 
fact that our universe, like Appleworld, is curved in an unseen dimension 
beyond our spadal comprehension has been expenmentally verified by 
a number of rigorous experiments. These experiments, performed on 
the path of light beams, show that starlight is bent as it moves across the 









ied the properties of multiply connected spaces in which different 
regions of space and time are spliced together. And physicists, who once 
thought this was merely an intellectual exercise, are now seriously study¬ 
ing multiply connected worlds as a practical model of our universe. 



of passageway to another world. 

The existence of these elusive parallel worlds has also produced end¬ 
less religious speculation over the centuries. Spiritualists have wondered 






hole—or gateway—between these two universes. Like the wormhole 
appearing in “Star Trek: Deep Space Nine,” these gateways make travel 
possible between these worlds, like a cosmic bridge linking two different 
universes or two points in the same universe (Figure 1.2). Not surpris¬ 
ingly, Carroll found children much more open to these possibilities than 
adults, whose prejudices about space and logic become more rigid over 
time. In feet, Riemann’s theory of higher dimensions, as interpreted by 
Lewis Carroll, has become a permanent part of children’s literature and 
folklore, giving birth to other children’s classics over the decades, such 
as Dorothy’s Land of Oz and Peter Pan’s Never Never Land. 

Without any experimental confirmation or compelling physical moti¬ 
vation, however, these theories of parallel worlds languished as a branch 
of science. Over 2 millennia, scientists have occasionally picked up the 
notion of higher dimensions, only to discard it as an untestable and 
therefore silly idea. Although Riemann’s theory of higher geometries 
was mathematically intriguing, it was dismissed as clever but useless. Sci¬ 
entists willing to risk their reputations on higher dimensions soon found 
themselves ridiculed by the scientific community. Higher-dimensional 
space became the last refuge for mystics, cranks, and charlatans. 

In this book, we will study the work of these pioneering mystics, 
mainly because they devised ingenious ways in which a nonspecialist 
could “visualize” what higher-dimensional objects might look like. 
These tricks will prove useful to understand how these higher-dimen¬ 
sional theories may be grasped by the general public. 

By studying the work of these early mystics, we also see more clearly 
what was missing from their research. We see that their speculations 
lacked two important concepts: a physical and a mathematical principle. 
From the perspective of modem physics, we now realize that the missing 
physical principle is that hyperspace simplifies the laws of nature, provid¬ 
ing the possibility of unifying all the forces of nature by purely geometric 
arguments. The missing mathematical principle is called field theory, which 
is the universal mathematical language of theoretical physics. 


I 








Field Theoiy: The Language of Physic 


l 


Fields were first introduced by the great nineteenth- 
entist Michael Faraday. The son of a poor blacksmith 
taught genius who conducted elaborate experiment; 
magnetism. He visualized “lines of force” that, like lc 
from a plant, emanated from magnets and electric c 
tions and filled up all of space. With his instrume: 
measure the strength of these lines of force from a n 
trie charge at any point in his laboratory. Thus he c< 
of numbers (the strength and direction of the force) 
any point in space). He christened the totality of the 
point in space, treated as a single entity, a field. (The 
concerning Michael Faraday. Because his fame had S] 
he was often visited by curious bystanders. When o 
work was good for, he answered, "What is the use of 
be a man.” One day, William Gladstone, then Chanc 
quer, visited Faraday in his laboratory. Knowing noti 
Gladstone sarcastically asked Faraday what use the h 
traptions in his laboratory could possibly have for 
replied, “Sir, 1 know not what these machines will be 
sure that one day you will tax them.” Today, a large j 
wealth of England is invested in the fruit of Faraday’ 

Simply put, a field is a collection of numbers defi 
in space that completely describes a force at that pi 
three numbers at each point in space can describe 
direction of the magnetic lines of force. Another tht 
where in space can describe the electric field. Faradi 
when he thought of a “field” plowed by a farmer. A f 
pies a two-dimensional region of space. At each poi 
field, one can assign a series of numbers (which desc 
how many seeds there are at that point). Faraday’s fit 
pies a three-dimensional region of space. At each poi 
of six numbers that describes both the magnetic ar 

What makes Faraday’s field concept so powerful i 
nature can be expressed as a field. However, we nee 
diem before we can understand the nature of any ( 
able to write down the equations that these fields obe 
the Dast hundred vears in theoretical nhvsica can he 
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in which we live was born in that cosmic cataclysm. Our four-dimensional 
universe expanded explosively, while our twin six-dimensional universe 
contracted violently, until it shrank to almost infinitesimal size. This 
would explain the origin of the Big Bang, If correct, this theory dem¬ 
onstrates that the rapid expansion of the universe was just a rather minor 
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Mathematicians 
and Mystics 


Magic is any sufficiently advanced technology. 


O N June 10, 1854, a new geometry was born. 

The theory of higher dimensions was introduced when Georg 
Bernhard Riemann gave his celebrated lecture before the faculty of the 
University of Gottingen in Germany, In one masterful stroke, like open¬ 
ing up a musty, darkened room to the brilliance of a warm summer’s 
sun, Riemann’s lecture exposed the world to the dazzling properties of 
higher-dimensional space. 

His profoundly important and exceptionally elegant essay, “On the 
Hypotheses Which Lie at the Foundation of Geometry,” toppled the 
pillars of classical Greek geometry, which had successfully weathered all 
assaults by skeptics for 2 millennia. The old geometry of Euclid, in which 
all geometric figures are two or three dimensional, came tumbling down 
as a new Riemannian geometry emerged from its ruins. The Riemannian 
revolution would have vast implications for the future of the arts and 
sciences. Within 3 decades of his talk, the “mysterious fourth dimen¬ 
sion” would influence the evolution of art, philosophy, and literature 
in Europe. Within 6 decades of Riemann’s lecture, Einstein would use 
four-dimensional Riemannian geometry to explain the creation of the 
universe and its evolution. And 130 years after his lecture, physicists 


would use ten-dimensional geometry to attempt to unite all the laws of 
the physical universe. The core of Riemann’s work was the realization 
that physical laws simplify in higher-dimensional space, the very theme 
of this book. 


Brilliance Amid Poverty 

Ironically, Riemann was the leasl likely person to usher in such a deep 
and thorough-going revolution in mathematical and physical thought. 
He was excruciatingly, almost pathologically, shy and suffered repeated 
nervous breakdowns. He also suffered from the twin ailments that have 
ruined the lives of so many of the world's great scientists throughout 
history: abject poverty and consumption (tuberculosis). His personality 
and temperament showed nothing of the breath-taking boldness, sweep, 
and supreme confidence typical of his work. 

Riemann was born in 1826 in Hanover, Germany, the son of a poor 
Lutheran pastor, the second of six children. His father, who fought in 
the Napoleonic Wars, struggled as a country pastor to feed and clothe 
his large family. As biographer E, T. Bell notes, “the frail health and 
early deaths of most of the Riemann children were the result of under¬ 
nourishment in their youth and were not due to poor stamina. The 
mother also died before her children were grown." 1 

At a very early age, Riemann exhibited his famous traits: fantastic 
calculational ability, coupled with timidity, and a life-long horror of any 
public speaking. Painfully shy, he was the butt of cruel jokes by other 
boys, causing him to retreat further into the intensely private world of 
mathematics. 

He also was fiercely loyal to his family, straining his poor health and 
constitution to buy presents for his parents and especially for his beloved 
sisters. To please his father, Riemann set out to become a student of 
theology. His goal was to get a paying position as a pastor as quickly as 
possible to help with his family's abysmal finances. (It is difficult to imag¬ 
ine a more improbable scenario than that of a tongue-tied, timid young 
boy imagining that he could deliver fiery, passionate sermons railing 
against sin and driving out the devil.) 

In high school, he studied the Bible intensely, but his thoughts always 
drifted back to mathematics; he even tried to provide a mathematical 
proof of the correctness of Genesis. He also learned so quickly that he 
kept outstripping the knowledge of his instructors, who found it impos¬ 
sible to keep up with the boy. Finally, the principal of his school gave 
























Figure 2.1. The length of a diagonal of a cube is given by a tkreedi 
version of the Pythagorean Theorem: a“ + b ! + c 2 = d s . By simply ad 
terms to the Pythagorean Theorem, this equation easily generalizes to th, 
of a hypercube in N dimensions. Thus although higher dimensions 
visualized, it is easy to represent N dimensions mathematically. 











Mathematicians and Mystics 


















Prize in 1906 for the discovery of the electron; and Lord Rayleigh, 
ognized by historians as one of the greatest classical physicists of the 
nineteenth century and winner of the Nobel Prize in physics in 190 
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The Man Who “Saw" 
the Fourth Dimension 


[TJhe fourth dimension had become almost a household 
word by 1910.... Ranging from an Ideal Platonic or Kantian 
reality—or even Heaven—the answer to all of the problems 
puzzling contemporary science, the fourth dimension could 
be all things to all people. 

Linda Dalrymple Henderson 


W ITH the passions aroused by the trial of the “notorious Mr, 
Slade,” itwasperhapsinevitable that the controversy would even¬ 
tually spawn a best-selling novel. 

In 1884, after a decade of acrimonious debate, clergyman Edwin 


Abbot, headmaster of the City of London School, wrote the surprisingly 
successful and enduring novel Flatland: A Romance of Many Dimensions by 

















this circle of flesh turns into a mass of hair, and then abruptly disappears 
as Mr. Square floats above our heads. To Mr. Square, these mysterious 
"humans” are a nightmarish, maddeningly confusing collection of con¬ 
stantly changing circles made of leather, cloth, flesh, and hair. 

Similarly, if we were peeled off our three-dimensional universe and 
hurled into the fourth dimension, we would find that common sense 
becomes useless. As we drift through the fourth dimension, blobs appear 
from nowhere in front of our eyes. They constantly change in color, size, 
and composition, defying all the rules of logic of our three-dimensional 
world. And they disappear into thin air, to be replaced by other hovering 
blobs. 

If we were invited to a dinner party in the fourth dimension, how 
would we tell the creatures apart? We would have to recognize them by 














ting the fourth dimension 
>ositivists. In particular, this 









Figure 3.4. During the Renaissance, painters discovered the third dimension. 
Pictures were painted with perspective and were viewed from the vantage point of 
a single eye, not God’s eye. Note that all the lines in Leonardo da Vinci’s fresco 
The Last Supper converge to a point at the horizon. (Bettmann Archive) 


nous comet soaring overhead in April 1066, convinced that it is an omen 
of impending defeat. (Six centuries later, the same comet would be 
christened Halley’s comet.) Harold subsequently lost the crucial Battle 
of Hastings to William the Conqueror, who was crowned the king of 
England, and a new chapter in English history began. However, the 
Bayeux Tapestry, like other medieval works of art, depicts Harold’s sol¬ 
diers' arms and races as flat, as though a plane of glass had been placed 
over their bodies, compressing them against the tapestry. 

Renaissance art was a revolt against this flat God-centered perspec¬ 
tive, and man-centered art began to flourish, with sweeping landscapes 
and realistic, three-dimensional people painted from the point of view 


The Man Who Saw’’ the Fourth Dimension 


To the Cubists, positivism was a straitjacket that ct 








:bism was heavily influenced by the fourth dimension. For example, 
reality through the eyes of a fourth-dimensional person. Such a 
if a human face, would see all angles simultaneously. Hence, both 
m at once by a fourth-dimensional being, as in Picasso’s painting 
ora Maar. (Giraudon/Art Resource. ® 1993. An, New York/ 


very eyes. Uranium and radium, confounding accepted belief, were 
mutating in the laboratory. To some, Mach was the prophet who would 
lead them out of the wilderness. However, he pointed in the wrong 
direction, rejecting materialism and declaring that space and time were 
products of our sensations. In vain, he wrote, “1 hope that nobody will 
defend ghost-stories with the help of what I have said and written on this 

A split developed within the Bolsheviks. Their leader, Vladimir 
1 x-nin, was horrified. Are ghosts and demons compatible with socialism? 
In exile in Geneva in 1908, he wrote a mammoth philosophical tome, 
Materialism and Empirio-Criticism, defending dialectical materialism from 
the onslaught of mysticism and metaphysics. To Lenin, the mysterious 
disappearance of matter and energy did not prove the existence of spir¬ 
its. He argued that this meant instead that a new dialectic was emerging, 



































The Man Who the Fourth Dimension 77 

After months of observing the creature, Patterson identified what 
looked like the creature’s “foot” and drove a spike right through it. It 
took him 2 years to capture the creature and ship the writhing, strug¬ 
gling blob back to New Jersey. 

Finally, Patterson announces a major press conference where he will 
unveil a fantastic creature caught in Peru. Journalists and scientists alike 
gasp in horror when the creature is unveiled, writhing and struggling 
against a large steel rod. Like a scene from King Kong, one newspaper¬ 
man, against the rules, takes flash pictures of the creature. The flash 
enrages the creature, which then struggles so hard against the rod that 
its flesh begins to tear. Suddenly, the monster is free, and pandemonium 
breaks out. People are tom to shreds, and Patterson and others are 
grabbed by the creature and then disappear into the fourth dimension. 

In the aftermath of the tragedy, one of the survivors of the massacre 
decides to bum all evidence of the creature. Better to leave this mystery 
forever unsolved. 


Building; 







lions. Without field theory, you cannot make any predictions with hyper- 
Thus by the turn of the century, the cynics claimed (with justifica- 
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The Secret of Light: 

Vibrations in 
the Fifth Dimension 

If [relativity] should prove to be correct, as I expect it will, he 
will be considered the Copernicus of the twentieth century. 


T HE life of Albert Einstein appeared to be one long series of failures 
and disappointments. Even his mother was distressed at how slowly 
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like an accordion. The train, I imagine, would be a flattened slab of 
metal 1 foot thick, barreling down the tracks. And everyone inside the 
subway cars would be as thin as paper. They would also be virtually frozen 
in time, as though they were motionless statues. However, as the train 
comes to a grinding halt, it suddenly expands, until this slab of metal 
gradually fills the entire station. 

As absurd as these distortions might appear, the passengers inside 
the train would be totally oblivious to these changes. Their bodies and 
space itself would be compressed along the direction of motion of the 
train; everything would appear to have its normal shape. Furthermore, 
their brains would have slowed down, so that everyone inside the train 
would act normally. Then when the subway train finally comes to a halt, 
they are totally unaware that their train, to someone on the platform, 
appears to miraculously expand until it fills up the entire platform. 
When the passengers depart from the train, they are totally oblivious to 
the profound changes demanded by special relativity.* 


The Fourth Dimension and High-School Reunions 

There have been, of course, hundreds of popular accounts of Einstein’s 
theory, stressing different aspects of his work. However, few accounts 
capture the essence behind the theory of special relativity, which is that 
time is the fourth dimension and that the laws of nature are simplified 
I and unified in higher dimensions. Introducing time as the fourth dimen¬ 

sion overthrew the concept of time dating all the way back to Aristotle. 
1 Space and time would now be forever dialectically linked by special rel- 

I ativity. (Zollner and Hinton had assumed that the next dimension to be 
| discovered would be the fourth spatial dimension. In this respect, they 

were wrong and H. G. Wells was correct. The next dimension to be 
discovered would be time, a fourth temporal dimension. Progress in 
j understanding the fourth spatial dimension would have to wait several 

I more decades.) 

j To see how higher dimensions simplify the laws of nature, we recall 

I that any object has length, width, and depth. Since we have the freedom 












Imm the distant stars. This simple physical picture the 
in which the theory could be tested experimentally. 1 
die position of the stars at night, when the sun is abse 
,in eclipse of the sun, we measure the position of the st 
is present (but doesn’t overwhelm the light from the 
in Einstein, the apparent relative position of the stai 
when the sun is present, because the sun's gravitatior 
















ling it But Einstein hated this dichotomy between 
I to be ugly and complicated, and marble, which was 















The Fifth Dimension 


Every physicist receives quite a jolt when confronting the fifth dimension 
for the first time. Peter Freund remembers clearly the precise moment 
when he first encountered the fifth and higher dimensions. It was an 
event that left a deep impression on his thinking. 

It was 1953 in Romania, the country of Freund’s birth. Joseph Stalin 
had just died, an important event that led to a considerable relaxation 
of tensions. Freund was a precocious college freshman that year, and he 
attended a talk by George Vranceanu. He vividly remembers hearing 



ith three dimensions of space and 
on still remained, 
s solution was essentially the same 
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Unification in 
Ten Dimensions 
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Quantum Heresy 


Anyone who is not shocked by the quantum theory does not 


A Universe Made of Wood 


I N 1925, a new theory burst into existence. With dizzying, almost mete¬ 
oric speed, this theory overthrew long-cherished notions about mat¬ 
ter that had been held since the time of the Greeks. Almost effordessly, 










UNIFICATION IN TEN DIMENSION 



electrons 

Figure 5.1. A beam of electrons is shot through two small holes and exposes some 
film. We expect to see two dots on the film. Instead, we find an undulating 
interference pauem. How can this bet According to quantum theory, the electron 
is indeed a pointlike particle and cannot go through both holes, but the Schro- 
dinger wave associated with each electron can pass through both holes and inter¬ 
fere with itself. 

through both holes, and then interacted with itself. As unsettling as this 
idea is, it has been verified repeatedly by experiment. As physicist Sir 
James Jeans once said, “It is probably as meaningless to discuss how 
much room an electron takes up as it is to discuss how much room a 
incertainty takes up.” 1 (A bumper sticker 1 once 
ed this up succinctly. It read, “Heisenberg may 

probability that particles may “tunnel" through 
p through impenetrable barriers, 
stunning predictions of quantum theory. On the 









Quantum Heresy 







Quantum Heresy 



quark 

Condensed 
Yang-Mills 
field 


I anti-quark 

f ligure 5.3. Strongly interacting particles are actually composites of even smaller 
I fun tides, called quarks t which are bound together by a taffylike “glue, ” which is 
. described by the Yang-Mills field. The proton and neutron are each made up of 
! three quarks, while mesons are made up of a quark and an antiquark. 



J Hun of electrons and light is called quantum electrodynamics (QED), 
which has been experimentally verified to be correct to within one part 
f in 10 million, technically making it the most accurate theory in history. 

In sum, the fruition of 50 years of research, and several hundred million 
•Inllars in government funds, has given us the following picture of sub- 
,ih»iiiic matter: All matter consists of quarks and leptons, which interact by 
f\t hanging different types of quanta, described by the Maxwell and Yang-Mills 















ranges quarK Mu-neutrino 


Top Quark ^?Tau 

neralion 

#3 

quark ^Tau-neulrino 

ure 5.4. In the Standard Model, the first generation of particles consists of the 
y’and “duum" quark (in threecolors, with their associated antiparticles) and 
electron and neutrino. The embarrassing feature of the Standard Model is 
t there are three generation of such particles, each generation being nearly an 
ct copy of the previous generation. It's hard to believe that nature would be so 
undanl as to create, at a fundamental level, three identical copies of particles. 


Beauly Necessary 


1 once attended a conceit in Boston, where 
liy the power and intensity of Beethoven’s t 1 
concert, with the rich melodies still fresh ir 
walk past the empty orchestra pit, where I nc 
in wonder at the sheet music left by the mus 
To the untrained eye, I thought, the mus 
moving musical piece must appear to be a 
wpiiggles, bearing more resemblance to a c 
Ilian a beautiful work of art. However, to the 
litis mass of bars, clefs, keys, sharps, flats, ; 

rich resonances by simply looking at a musit 
therefore, is more than just the sum of its lit 
Similarly, it would be a disservice to defi 

























Yang-Mills 


Figure 6.2. If we go to the Nth dimension, then the metric tensor is a series of 
N' 2 numbers that can be arranged in an N X N block. By slicing off the fifth 
and higher columns and rows, we can extract the Maxwell electromagnetic field 
and the Yang-Mills field. Thus, in one stroke, the hyperspace theory allows us to 
unify the Einstein field (describing gravity), the Maxwell field (describing the 
electromagnetic fierce), and the Yang-MiUs field (describing the weak and strong 
force). The fundamental forces fit together exactly like a jigsaw puzzle. 
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Superstrings 


String theory is twentyfirst century physics that fell acciden- 



E DWARD Witten, of the Institute for Advanced Study in Princeton, 
New Jersey, dominates the world of theoretical physics. Witten is 
currently the “leader of the pack,” the most brilliant high-energy phys¬ 
icist, who sets trends in the physics community the way Picasso would set 
trends in the art world. Hundreds of physicists follow his work religiously 
to get a glimmer of his path-breaking ideas. A colleague at Princeton, 
Samuel Treiman, says, “He’s head and shoulders above the rest. He’s 
started whole groups of people on new paths. He produces elegant, 
breathtaking proofs which people gasp at, which leave them in awe.” 
Treiman then concludes, “We shouldn’t toss comparisons with Einstein 
around too freely, but when it comes to Witten ...”' 

Witten comes from a family of physicists. His father is Louis 
Witten, professor of physics at the University of Cincinnati and a 
leading authority on Einstein’s theory of general relativity. (His 
father, in fact, sometimes states that his greatest contribution to 
physics was producing his son.) His wife is Chiara Nappi, also a 
theoretical physicist at the institute. 

Witten is not like other physicists. Most of them begin their romance 
with physics at an early age (such as in junior high school or even ele¬ 
mentary school). Witten has defied most conventions, starting out as a 








































Arthur Conan Doyle’s “The Sign of Four,” said to Watson: "How often 
have I said to you that when you have eliminated the impossible, what- 


itlea, I eliminated all the impossible alternatives. The only improbable 
.illernative remaining was to violate the properties of the Veneziano- 
Suzuki formula. At about 3:00 A.M., the resolution finally hit me. 1 real- 
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Signals from 
the Tenth Dimension 


How strange it would be if the final theory were to be discov¬ 
ered in our lifetimes! The discovery of the final laws of nature 
will mark a discontinuity in human intellectual history, the 
sharpest that has occurred since the beginning of modem sci¬ 
ence in the seventeenth century. Can we now imagine what 
that would be like? 

Steven Weinberg 


Is Beauty a Physical Principle? 

A LTHOUGH superstring theory gives us a compelling formulation 
, of the theory of the universe, the fundamental problem is that an 
experimental test of the theory seems beyond our present-day technol¬ 
ogy. In fact, the theory predicts that the unification of all forces occurs 
at the Planck energy, or 10 19 billion electron volts, which is about 1 
quadrillion times larger than energies currently available in our accel- 

Physicist David Gross, commenting on the cost of generating this 
fantastic energy, says, “There is not enough money in the treasuries of 
all the countries in the world put together. It’s truly astronomical.” 1 

This is disappointing, because it means that experimental verifica¬ 
tion, the engine that drives progress in physics, is no longer possible with 
our current generation of machines or with any generation of machines 

178 




able to show by computer that the “marble” fragments cou 
as outer fragments of some object, and were hence polish* 


















into one of the workhorses of modern physics. 


The Problem Is Theoretical. Not Experimental 

Taking the long view on the history of science, perhaps there is some 
cause for optimism. Witten is convinced that science will some day he 
able to probe down to Planck energies. He says, 

the hard ones. In the I9th century, the question of why water boils at 100 
degrees was hopelessly inaccessible. If you told a 19th-century physicist that 
by the 20th century you would be able to calculate this, it would haw 
seemed like a fairy tale.. .. Quantum field theory is so difficult that nobody 

In his view, “good ideas always get tested.”” 

The astronomer Arthur Eddington even questioned whether scien 
tists were not overstating the case when they insisted that cvcrythiny 
should be tested. He wrote: “A scientist commonly professes to base his 
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Before Creation 


In the beginning, was the great cosmic egg. Inside the egg was 
chaos, and floating in chaos was Fan Ku, the divine Embryo. 

P'an Ku myth (China, third century) 







debate from the vagueness of mythology to the rigor of logic. He pro¬ 
posed to solve these ancient questions in his celebrated “proofs of the 
existence of God.” 

Aquinas summarized his proofs in the following poem: 

Things are in motion, hence there is a first mover 
Things are caused, hence there is a first cause 

Perfect goodness exists, hence it has a source 
Things are designed, hence they serve a purpose. 1 

(The first three lines are variations of what is called the cosmological proof; 
the fourth argues on moral grounds; and the fifth is called the teleological 
proof. The moral proof is by far the weakest, because morality can be 
viewed in terms of evolving social customs.) 

Aquinas’s “cosmological” and “teleological” proofs of the existence 
of God have been used by the church for the past 700 years to answer 
this sticky theological question. Although these proofs have since been 
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: and the Big Bang 

e results of the COBE (Cosmic Background 
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Frequency of cosmic 
background radiation 

Figure 9.1. The solid line represents the prediction made by the Big Bang theory, 
which predicts that the background cosmic radiation should resemble blackbody 
radiation in the microwave region. The x’s represent the actual data collected by 
the COBE satellite, giving us one of the most convincing proofs of the Big Bang 



railed inflation theory. (This theory, proposed by Alan Guth of MIT, states 
that there was a much more explosive expansion of the universe at the 





m points by wrapping up the screen. Then we match t 
right-hand sides by rolling up the screen like a tube, 
that a videogame screen has the topology of a doughr 











his co-workers have been, in a way, too successful: They have found mil¬ 
lions of other possible solutions to the string equations. 

The fundamental problem facing superstring theory is this: Of the 
millions of possible universes that can be mathematically generated by superstring 
theory, which is the correct one? As David Gross has said, 















and hence corresponds to a false vacuum. The true vacuum state cor¬ 
responds to the princess falling off the sphere. So a phase transition 
(felling off the sphere) corresponds to symmetry breaking (selecting the 
westerly direction). 

Regarding superstring theory, physicists assume (but cannot yet 
prove) that the original ten-dimensional universe was unstable and tun- 











PART III 


Wormholes: 
Gateways to 
Another Universe? 
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Black Holes and 
Parallel Universes 


Black Holes: Tunnels Through Space and Time 


B 


LACK holes 
and docume 


have recently seized the public’s imagination. Books 
mtaries have been devoted to exploring this strange 








aged star about 5 billion years old, it still has another 5 billion years 
before it consumes the earth. (Ironically, the earth was originally born 
out of the same swirling gas cloud that created our sun. Physics now 
predicts that the earth, which was created with the sun, will return to 
the sun.) 

Finally, when the helium is used up, the nuclear furnace again shuts 
down, and gravity takes over to crush the star. The red giant shrinks to 
become a white dwarf, a miniature star with the mass of an entire star 
squeezed down to about the size of the planet earth.' White dwarfs are 








to start with a certain mass of 1 
cally solve for the evolution oi 
our theory of stellar evolution 
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Figure 10.3. In this purely hypothetical example, a window or wormh 
opened up in our universe. If we lock into the window from one direction, 
one dinosaur. If we look into the other side of the window, we see another dir 
As seen from the other universe, a window has opened up between the tw < 
sawrs. Inside the window, the dinosaurs see a stranse small animal (us). 





r we insert our bands into the window from two different directions, 
: as though our hands have disappeared. We have a body, but m 
alternative universe, two hands have emerged from either side oi 




To Build a Time Machine 


People like us, who believe in physics, know thai the distinc¬ 
tion between past, present, and future is only a stubbornly 

Albert Einstein 


Time Travel 


C AN we go backward in time? 

Like the protagonist in H. G. Wells’s The Time Machine, can we 
spin the dial of a machine and leap hundreds of thousands of years to 
the year 802,701? Or, like Michael J. Fox, can we hop into our pluto¬ 
nium-fired cars and go back to the future? 


The possibility of time travel opens up a vast world of interesting 
possibilities. Like Kathleen Turner in Peggy Sue Got Married, everyone 







uation to provide “experimental” evidence that 
possible. He believes that time travel is not 
fact that we have not been invaded by hoardes c 


principal types: 











Figure 11.1. Our world line summarizes our entire history, from birth to death. 
For example, if we lie in bed from 8:00 a.m. to 12:00, our world line is a vertical 
line. If we travel by car U> work, then our world becomes a slanted line. The faster 
we move, the more slanted our world line becomes. The fastest we can travel, 
however, is the speed of light. Thus part of this space-time diagram is “forbidden'', 
that is. we would have to go faster than the speed of light to enter into this 
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Colliding Universes 


[Nature is] not only queerer than we suppose, it is queerer 
than we can suppose. 

J. B. S. Haldane 


C OSMOLOGIST Stephen Hawking is one of the most tragic figures 
in science. Dying of an incurable, degenerative disease, he has 
relentlessly pursued his research activities in ihe face of almost insui- 
mountable obstacles. Although he has lost control of his hands, legs, 
tongue, and finally his vocal cords, he has spearheaded new avenues ni 
research while confined to a wheelchair. Any lesser physicist would have 
long ago given up the struggle to tackle the great problems of science. 

Unable to grasp a pencil or pen, he performs all his calculations in 
his head, occasionally aided by an assistant Bereft of vocal cords, he uses 




















The physicist Richard Feynman once said, “I think it is safe to say 
that no one understands quantum mechanics. Do not keep saying to 
yourself, if you can possibly avoid it, ‘But how can it be like that?’ because 
you will go ‘down the drain’ into a blind alley from which nobody has 
yet escaped. Nobody knows how it can he like that.” 9 In feet, it is often 
stated that of all the theories proposed in this century, the silliest is 
quantum theory. Some say that the only thing that quantum theory has 
going for it, in feet, is that it is unquestionably correct. 

However, there is a third way of dealing with this paradox, called the 
many-worlds theory. This theory (like the anthropic principle) fell out of 
favor in the past decades, but is being revived again by Hawking’s wave 


Maty Worlds 


In 1957, physicist Hugh Everett raised the possibility that during the 



able futures.” 

Physicist Bryce DeWitt, one of the proponents of the many-worlds 
theory, describes the lasting impact it made on him: "Every quantum 
transition taking place on every star, in every galaxy, in every remote 
corner of the universe is splitting our local world on earth into myriads 


















Masters of 
Hyperspace 








A Type 1 civilization is one that controls the energy resources of an 
entire planet. This civilization can control the weather, prevent earth¬ 
quakes, mine deep in the earth’s crust, and harvest the oceans. This 
civilization has already completed the exploration of its solar system. 

A Type II civilization is one that controls the power of the sun itself. 


















single entity, can be compared to a 
or example, psychologists tell us that 
:rable. Their driving, drinking, and 



1. Although the 










galaxy, but that they all eventually discovered element 92. If a civiliza¬ 
tion’s technological capability outraced its social development, then, 
with the rise of hostile nation-states, there was a large chance that the 
civilization destroyed itself long ago in an atomic war. 6 Regrettably, if we 
live long enough to reach nearby stars in our sector of the galaxy, we 
may see the ashes of numerous, dead civilizations that settled national 
passions, personal jealousies, and racial hatreds with nuclear bombs. 

As Heinz Pagels has said. 

The challenge to our civilization which has come from our knowledge of 
the cosmic energies that fuel the stars, the movement of light and electrons 
through matter, the intricate molecular order which is the biological basis 
of life, must be met by the creation of a moral and political order which 







there have been many thousands of peaks within the past few billion 
years, with thousands of planets briefly mastering radio technology 
before blowing themselves up. Each brief peak, unfortunately, takes 
place at different cosmic times. 

Ecological Collapse 

Assuming that a type 0 civilization can master uranium without destroy 
ing itself in a nuclear war, the next barrier is the possibility of ecological 
collapse. 

We recall the earlier example of a single bacterium, which divides so 
frequently that it eventually outweighs the planet earth. However, in 
reality we do not see gigantic masses of bacteria on the earth—in feet, 
bacterial colonies usually do not even grow to the size of a penny. Lab¬ 
oratory bacteria placed in a dish filled with nutrients will indeed grow 
exponentially, but eventually die because they produce too much waste 
and exhaust the food supply. These bacterial colonies essentially suffo¬ 
cate in their own waste products. 


telescope 
technology 
of life 
in the 
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Figure 13.1. Why don’t we see other intelligent life in the galaxy ? Perhaps intel¬ 
ligent life forms that could build radio telescopes flourished millions of years in 
the past, but perished in a nuclear war. Our galaxy could have been teeming with 
intelligent life, but perhaps most an dead now. Will our civilization be any dif- 














search through biological, geological, or even astronomical data suggests 
that nothing has a cycle time of 26 million years. 

Richard Muller of Berkeley has theorized that our sun is actually part 
of a double-star system, and that our sister star (called Nemesis or the 
Death Star) is responsible for periodic extinctions of life on the earth. 
The conjecture is that our sun has a massive unseen partner that circles 
it every 26 million years. As it passes through the Oort cloud (a cloud 
of comets that supposedly exists beyond the orbit of Pluto), it brings 
with it an unwelcome avalanche of comets, some of which strike the 
earth, causing enough debris that the sunlight is blocked from reaching 
the earth's surface. 
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ably several light-years away). This would give us over 10 million years 

Fortunately, by the time comets from the Oort cloud streak through 
the solar system again, we will have reached Type 111 status, meaning 
that we will have conquered notjust the nearby stars, but travel through 
space-time. 


The Death of the Sun 

Scientists sometimes wonder what will eventually happen to the atoms 
of our bodies long after we are dead. The most likely possibility is that 
our molecules will eventually return to the sun. 

Our sun is a middle-aged star. It is approximately 5 billion years old, 
and will probably remain a yellow star for another 5 billion years. When 
our sun exhausts its supply of hydrogen fuel, however, itwill burn helium 
and become vastly inflated—a red giant. Its atmosphere will expand rap¬ 
idly, eventually extending out to the orbit of Mars, and the earth’s orbit 
will be entirely within the sun’s atmosphere, so that the earth will be 
fried by the sun’s enormous temperatures. The molecules making up 
our bodies, and in feet the earth itself, will be consumed by the solar 
atmosphere. 

Sagan paints the following picture: 

Billions of years from now, there will be a last perfect day on Earth- 

The Arctic and Antarctic icecaps will melt, flooding the coasts of the world. 
The high oceanic temperatures will release more water vapor into the air, 
increasing cloudiness, shielding the Earth from sunlight and delaying the 
end a little. But solar evolution is inexorable. Eventually the oceans will 
boil, the atmosphere will evaporate away to space and a catastrophe of the 
most immense proportions imaginable will overtake our planet. B 


Thus, for those who wish to know whether the earth will be consumed 
in ice or fire, physics actually gives a definite answer. It will be consumed 
in fire. However, it is highly likely that humans, if we have survived that 







The Fate of the Universe 


Some say the world will en 


W HETHER a civilization, either on earth or in outer space, can 
reach a point in its technological development to harness the 
power of hyperspace depends partly, as we have seen, on negotiating a 
series of disasters typical of Type 0 civilizations. The danger period is 
the First several hundred years after the dawn of the nuclear age, when 











The Fate of the Un 
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into the galaxy at near-light speeds to find suitable star systems for col¬ 
onization. John von Neumann, the mathematical genius who developed 
the first electronic computer at Princeton University during World War 
II, proved rigorously that robots or automatons could be built with the 
ability to program themselves, repair themselves, and even create carbon 
copies of themselves. Thus Barrow and Tipler suggest that the von Neu¬ 
mann probes will function largely independently of their creators. These 
small probes will be vastly different from the current generation of Viking 
and Pioneer probes, which are little more than passive, preprogrammed 
machines obeying orders from their human masters. The von Neumann 
probes will be similar to Dyson’s Astrochicken, except vastly more pow¬ 
erful and intelligent They will enter new star systems, land on planets, 
and mine the rock for suitable chemicals and metals. They will then 
create a small industrial complex capable of manufacturing numerous 
robotic copies of themselves. From these bases, more von Neumann 
probes will be launched to explore even more star systems. 

Being self-programming automatons, these probes will not need 
instructions from their mother planet; they will explore millions of star 
systems entirely on their own, pausing only to periodically radio back 
their findings. With millions of these von Neumann probes scattered 
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Conclusion 


The known is finite, the unknown infinite; intellectually we 
stand on an islet in the midst of an illimitable ocean of inexpl¬ 
icability. Our business in every generation is to reclaim a little 

Thomas H. Huxley 


P ERHAPS the most profound discovery of the past century in physics 
has been the realization that nature, at its most fundamental level, 
is simpler than anyone thought. Although the mathematical complexity 
of the ten-dimensional theory has soared to dizzying heights, opening 
up new areas of mathematics in the process, the basic concepts driving 
unification forward, such as higher-dimensional space and strings, are 
basically simple and geometric. 


enormous amount of information into a concise, elegant fashion that 
unites the two greatest theories of the twentieth century: quantum theory 
and general relativity. Perhaps it is time to explore some of the many 
implications that the ten-dimensional theory has for the future of physics 
and science, the debate between reductionism and holism in nature, 
and the aesthetic relation among physics, mathematics, religion, and 
philosophy. 

Ten Dimensions and Experiment 

When caught up in the excitement and turmoil accompanying the birth 
of any great theory, there is a tendency to forget that ultimately all the- 
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sophical questions, the greatest of them were. Einstein, Heisenberg, and 
Bohr spent long hours in heated discussions, wrestling late into the nighi 
with the meaning of measurement, the problems of consciousness, and 
the meaning of probability in their work- Thus it is legitimate to ask how 
higher-dimensional theories reflect on this philosophical conflict, espe¬ 
cially regarding the debate between “reductionism” and “holism.” 

Heinz Pagels once said, “We are passionate about our experience ol 
reality, and most of us project our hopes and fears onto the universe.” 4 
Thus it is inevitable that philosophical, even personal questions will 
intrude into the discussion on higher-dimensional theories. Inevitably, 
the revival of higher dimensions in physics will rekindle the debate 
between “reductionism” and "holism” that has flared, on and off, for 

Webster’s Collegiate Dictionary defines reductionism as a “procedure or 
theory that reduces complex data or phenomena to simple terms.” This 
has been one of the guiding philosophies of subatomic physics—to 
reduce atoms and nuclei to their basic components. The phenomenal 
experimental success, for example, of the Standard Model in explaining 
the properties of hundreds of subatomic particles shows that there is 
merit in looking for the basic building blocks of matter. 

Webster's Collegiate Dictionary defines holism as the “theory that the 


nstituents. By probing 
5—Mills fields, physicists 
1 matter. For example, 









gravity implies a deep understanding of geometry. This leads us to 
approach particle physics through Kaluza-Klein and string theories and 
to view the Standard Model as a consequence of curling up higher¬ 
dimensional space. 

The two approaches are equally valid. In our book Beyond Einstein: 
The Cosmic Quest for the Theory of the Universe, Jennifer Trainer and I took 
a more reductionist approach and described how the discoveries of phe¬ 
nomena in the visible universe eventually led to a geometric description 


the invisible universe and taking the concept of how thi 
simplify in higher dimensions as our basic theme. 










conceive of logically consistent structures that cannot be expressed 
through any physical principle. However, there are indications that 


Because the hyperspace theory has opened up new, profound links 
between physics and abstract mathematics, some people have accused 
scientists of creating a new theology based on mathematics; that is, we 



tribes have an “origin” myth that explains where they came fro 
thermore, this mythology sharply separates “us” from “them,” p 
a cohesive (and often irrational) force that preserves the tribe, a 













Notes 


Preface 

]. The subject is so new that there is yet no universally accepted term used 
by theoretical physicists when referring to higher-dimensional theories. Tech¬ 
nically speaking, when physicists address the theory, they refer to a specific the¬ 
ory, such as Kaluza-Klein theory, supergravity, or superstring, although hypersface 
is the term popularly used when referring to higher dimensions, and hyper- is the 
correct scientific prefix for higher-dimensional geometric objects. 1 have 
adhered to popular custom and used the word hypmpace to refer to higher 
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hence the formalism reduces back to the Pythagorean Theorem in ^dimensions. 
The deviation of the metric teosor from 8^, roughly speaking, measures the 

the Riemano curvature tensor, represented by & uvo - 

The curvature of space at any given point can be measured by drawing a circle 
at that point and measuring the area inside that circle. In flat two-dimensional 

a sphere, the area is less than txt 2 . If the curvature is negative, as in a saddle or 
trumpet, the area is greater than ttt 2 . 

Strictly speaking, by this convention, the curvature of a crumpled sheet of 
paper is zero. This is because the areas of circles drawn on this crumpled sheet 
of paper still equal tt?*. In Riemann’s example of force created by the crumpling 
of a sheet of paper, we implicitly assume that the paper is distorted and stretched 
as well as folded, so that the curvature is nonzero. 
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